Abstract: The novel [Ru(Acriphos)(PPh 3 )(Cl)(PhCO 2 )] [1; Acriphos = 4,5-bis(diphenylphosphino)acridine] is an excellent precatalyst for the hydrogenation of CO 2 to give formic acid in dimethyl sulfoxide (DMSO) and DMSO/H 2 Ow ithout the need for amine bases as co-reagents.T urnover numbers (TONs) of up to 4200 and turnover frequencies (TOFs) of up to 260 h À1 were achieved, thus rendering 1 one of the most active catalysts for CO 2 hydrogenations under additive-free conditions reported to date.T he thermodynamic stabilization of the reaction product by the reaction medium, through hydrogen bonds between formic acid and clusters of solvent or water,w ere rationalized by DFT calculations.T he relatively low final concentration of formic acid obtained experimentally under catalytic conditions (0.33 mol L À1 )w as shown to be limited by product-dependent catalyst inhibition rather than thermodynamic limits,a nd could be overcome by addition of small amounts of acetate buffer,t hus leading to am aximum concentration of free formic acid of 1.27 mol L À1 ,w hich corresponds to optimizedv alues of TON = 16 10 3 and TOF avg % 10 3 h À1 .
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Thehydrogenationofcarbondioxidetoformicacidhasbeen intensively studied as an organometallic-catalyzed transformation of CO 2 for al ong time. [1, 2] Ther eaction has seen increasing interest recently because of the growing interest in the potential of CO 2 as either ar aw material for chemical production or as an energy vector to store or harvest renewable energy via H 2 . [3, 4] Thec hallenges to be met for these applications are related to the thermodynamic instability of formic acid relative to the gaseous starting materials and to the rate at which ag iven catalyst can shift the equilibrium to the desired direction [Scheme 1, Eq. (1)].
[2a]
While av ariety of highly active molecular catalysts allowing turnover frequencies (TOFs) of several hundred thousand catalytic cycles per hour have been reported for the hydrogenation of CO 2 to formic acid, the reaction systems typically involve stoichiometric amounts of an amine or other strong bases as co-reagents. [3, 5] Whereas the main role of the base can be associated with the enthalpic stabilization of the product by its conversion into formate salts or adducts [Scheme 1, Eq. (2)],there is also evidence that amine bases,inparticular, can have apositive impact on the reaction rate.F or example, they can be involved in the catalytic cycle by assisting the heterolytic hydrogen splitting for hydrogenolysis of the MÀO bond in metal-formate intermediates. [6] In early studies,d imethylsulfoxide (DMSO) and water were identified as favorable solvents for CO 2 hydrogenation on the basis that hydrogen bonding would play an important role for the stabilization of formic acid [Scheme 1, Eq. (3)]. [7] Although formation of free formic acid was observed in DMSO with the most active rhodium-phosphine catalysts at the time,c oncentrations remained low in contrast to the reaction conditions comprising additional amines.I n2 014, Laurenczy et al. reported the first catalyst system allowing high concentrations of free formic acid in DMSO,i nt he absence of ab ase. [8] With the ruthenium complex [Ru(Cl) 2 -(PTA) 4 ]( PTA = 1,3,5-triaza-7-phosphaadamantane), turnover numbers (TONs) of up to 749 were achieved within 120 hours,thus resulting in afinal HCOOH concentration of 1.9 mol L À1 under optimized reaction conditions [T = 60 8 8C and p8 8(H 2 /CO 2 ,1 :1) = 100 bar].W hile this paper was under review,the group of Li reported an iridium complex which is capable of performing the base-free direct hydrogenation of CO 2 to form formic acid in water with afinal concentration of 0.12 mol L À1 . [9] In the present contribution, we disclose anew [10] and the Acriphos ligand [11] 3 for about 16 hours at 50 8 8C (Scheme 2). Ther ationale behind the design of 1 was to introduce the robust and very stable pincer-type coordination of 3 [12] into ruthenium-chloro-benzoate complexes,w hich were recently shown to provide efficient precursors for highly active hydrogenation catalysts. [13] Them olecular structure of 1 in the solid state was determined by single-crystal X-ray crystallography ( Figure 1 ). TheA criphos ligand coordinates as expected, tridentatemeridionally with aP 1-Ru-P2 angle of 160.58 8.T he benzoate ligand binds in a k C, and 31 PNMR spectroscopy,a sw ell as mass spectrometry) are in accordance with the structure in the solid state and in solution (see the Supporting Information).
Thec omplex 1 was found to be active in the hydrogenation of CO 2 in DMSO,w ithout any further additives, under mild standard reaction conditions ( À1 can be calculated as the lower limit for catalyst activity.A ddition of small amounts of water of up to 5vol %l ed to significantly higher end concentrations under otherwise identical reaction conditions,t hus corresponding to aT ON of 410 3 and average TOFs in the range of 250 h À1 (entries 2a nd 3). Additional increase of the water content led to adecrease of productivity (entry 4), and finally to almost negligible formation in aqueous solution with small amounts of DMSO to solubilize the catalyst (entry 5).
TheT ONsa nd TOFs av observed with 1 in DMSO/H 2 O (95:5 v/v;T able 1, entry 3) define the highest productivities and catalytic activities for amine-free hydrogenation of CO 2 to date.H owever,t he observed concentration of free formic acid of 0.33 mol L À1 is significantly lower than in the experiments of Dyson and Laurenczy, [8] who reported up to sixtimes higher concentrations under very similar reaction conditions.I fr eactions were carried out in the present system under addition of 0.16 mol L À1 HCOOH at the beginning of the reaction, the final concentration was still 0.33 mol L À1 after 16 hours.E ven more significantly,n o further increase of the formic acid concentration was detected within experimental error when 0.33 mol L À1 HCOOH were added to the reaction mixture.T his result clearly indicates that the maximum productivity that can be achieved with the catalyst system is limited by the final formic acid concentration, which does,however,not seem to reach the optimum concentration determined by thermodynamics in the reaction medium.
To get am ore detailed understanding of the thermodynamic driving force for the stabilization of the product, DFT calculations were carried out to elucidate the interactions with DMSO and DMSO/water media. Detailed experimental studies have revealed the structure of the hydrogen-bonded adducts of formic acid with moderately to weakly basic Scheme 2. Synthesis of 1 from 2 and 3. Figure 1 . Structure of 1 in the crystal (thermal ellipsoidss hown at 50 %p robability). [20] Hydrogen atoms as well as the phenyl rings of the Acriphos ligand were omitted for clarity.Selected atom distances [] and angles [8 8] : Ru1-P1 2.347, Ru1-P2 2.359, Ru1-P3 2.345, Ru1-O1 2.180, Ru1-N1 2.155, Ru-Cl1 2.441;P 1-Ru-P2 160.54, O1-Ru1-P3 95.10. tertiary amines, [14] which are the standard stabilizers used so far. Given the well-established role of DMSO as ahydrogenbond acceptor,i ti sp lausible to assume that similar adducts are formed with the solvent molecules in the absence of ab ase.I ndeed, as table 1:1a dduct of HCOOH and DMSO could be identified and structurally optimized, using the density functional MN12-L [15] developed by the group of Tr uhlar, with ab asis set typically used for quantitative conclusions (def2-TZVP [16] ). However,t he enthalpic contribution of the hydrogen bond in the adduct was found to be too small to compensate for the unfavorable entropic contribution when using an implicit solvent model (see the Supporting Information). To model the solution-phase process more realistically,t he adduct, as well as the reactants,w ere embedded in an explicit solvent cloud of 10 DMSO molecules and optimized using an implicit solvent model (IEF-PCM; [17] SMD, [18] see the Supporting Information for details). Theo ptimized structure of the hydrogen-bonded adduct in the solvent cloud is shown on the left-hand side of Figure 2 .
Theh ydrogen bridge between the proton of the carboxylate group of formic acid and the oxygen atom of the solvent molecule is clearly evidenced by the O-O distance of 2.67 , which is significantly shorter than the sum of the van der Waals radii of two oxygen atoms (3.1 ). Thef ormation of this adduct is weakly exergonic relative to the solvated starting materials when as olvent cluster of 10 DMSO molecules is considered [D r G = À0.3 kcal mol À1 ;S cheme 3, Eq. (4)].T he computed Gibbs free energy of the reaction is even slightly more negative (D r G = À0.6 kcal mol À1 )w hen larger clusters of 20 DMSO molecules are considered.
Changing the solvent cloud to DMSO/H 2 Oinaratio 10:1 resulted in an even larger driving force with aG ibbs free energy of reaction, D r G,o fÀ2.2 kcal mol À1 [Scheme 3, Eq. (5)].T his value can be associated with an increased stabilization resulting from the formation of three hydrogen bridges between DMSO,w ater, and formic acid (Figure 2 , right). These computational results provide an analytical rationale for the thermodynamic stabilization of HCOOH in these media. They are also in agreement with the experimental results shown in entries 1-5 of Table 1 , where the presence of small amounts of water led to asignificant increase of the concentration of formic acid in the reaction mixture as compared to pure DMSO.
Thesignificant Gibbs free energies of reaction calculated for the realistic solvent models furthermore substantiate the experimental evidence that the maximum amount of formic acid of 0.33 mol L À1 obtained in the DMSO/H 2 Osystem is not limited by the thermodynamic equilibrium, but rather by the kinetic inhibition of 1 at this product concentration. An obvious parameter which might explain the product inhibition is the increasing proton concentration in solution resulting from the formation of HCOOH (pK a = 3.77). Ruthenium hydride complexes,p lausibly inferred as catalytic active species in CO 2 hydrogenation, are well known to be readily protonated, thus resulting in equilibria between neutral and cationic complexes. [19] To probe this hypothesis,r eactions were carried out under standard reaction conditions,b ut in the presence of acetate buffer (CH 3 COOH/CH 3 COONa 1:1, pH 4.75).
As shown in Table 2 , the catalytic hydrogenation in the buffered solution led indeed to an early fourfold increase in the final formic acid concentration, thus reaching up to 1.3 mol L À1 (entries 1and 2), which is roughly six-times higher than the buffer concentration. Theproductivity of this system amounts to aTON of 16 310 and the observed TOF av indicates maximum turnover rates well above 10 00 h À1 .T his performance is now approaching that of amine-based systems.A s the molar ratio of HCOOH to sodium acetate is greater than 6:1, it can be ruled out that the buffer is acting merely as base to shift the thermodynamic equilibrium. This was further substantiated by using acetic acid alone as weak acid (pK a = 4.75) to act as proton buffer. Although it was less effective than in combination with sodium acetate,i ts till resulted in amore than atwofold increase of the TONs and TOFs av of the catalytic system as compared to pure DMSO (entries 3-6). In summary the complex 1 was shown to be ahighly active precatalyst for the hydrogenation of CO 2 to give formic acid in the absence of amine bases.T he productivity of the transformation is critically determined by ac ombination of thermodynamic and kinetic boundaries.H ydrogen bonding between HCOOH and the Lewis-basic solvent molecules,and the role of solvent clusters were determined as crucial factors in providing the necessary thermodynamic driving force for high equilibrium concentration of formic acid. These high concentrations can be achieved, however, only if the catalyst remains active over aw ide range of proton concentrations. Considering the molecular active species and the reaction medium as an integrated catalytic system is therefore essential in the rational optimization of the process.T hus, catalytic turnovers as high as 4200 with average TOFs of 260 h À1 could be achieved in DMSO/H 2 O( 95:5 v/v), and improved in buffered solutions to TONs of 16 10 3 and TOFs of 10 3 h À1 at final formic acid concentrations of 1.3 mol L
À1
. These data define one of the currently most productive and active catalytic systems for the hydrogenation of CO 2 to formic acid in the absence of bases as co-reagents.
